Interfacial residual stress resulting from coefficient of thermal expansion mismatch between different layers of the flip-chip joint is induced during the bonding process. The flip-chip joints suffer residual stresses that may cause cracking or delamination, which is one of the major reliability issues in electronic packaging. This paper theoretically analyzes the interfacial residual stress of the flip-chip joint based on anisotropic conductive adhesive (ACA). The residual stress model is established based on refined zigzag theory (RZT). Results show that the theoretical model and the simulation analysis are consistent. It is found that the interfacial thermal residual stress in the ACA layer is uneven and reaches its peak at the end of the bump. The RZT model is validated by experiments, and the model prediction agrees well with the test results.
I. INTRODUCTION
Flip-chip bonding based on anisotropic conductive adhesive (ACA) has many advantages and is popular in many electronic packaging interconnect products, such as radio frequency identification (RFID), liquid crystal displays (LCDs), and flexible electronics [1] - [3] . However, interfacial residual stress can affect the reliability of flip-chip joints [4] - [6] . Owing to the coefficient of thermal expansion mismatch between different layers of the flip-chip joint, interfacial residual thermal stress is generated after the bonding is completed. Some studies have reported that the bonding temperature parameters can lead to complex residual stress in the adhesive joints [7] , [8] . The residual stress can affect bonding strength and joints stability, or even cause interfacial cracking and delamination [9] , [10] . Generally, the residual stress distribution of the joint is not uniform, and failure is most likely to occur at the stress concentration point. Therefore, it is necessary to study the stress distribution and identify the maximum stress concentration point.
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Many studies have been done to analyze the stress in adhesive joints and layered structures. Timoshenko [11] investigated the stress of bimetal thermostats under heating conditions and firstly suggested the beam theory. Chen and Nelson [12] and Suhir [13] , [14] refined the beam theory and used it to predict the thermal stresses in bi/tri-layered structures. Jiang et al. [15] also improved the beam theory, which can be used to estimate the thermal stresses for layered electronic assemblies. Wang et al. [16] investigated peeling stress, shear stress, and die cracking stress in electronic packages and developed a simple model. Xie and Sitaraman [17] analyzed interfacial thermal stress of multi-layered electronic packaging structures based on classical laminate theory-edge stress shape. Ghorbani and Spelt [18] developed a two-dimensional model to estimate thermal stress in trilayer assemblies. Liu and Chen [19] investigated tri-layer film/substrate systems and presented a closed-form analytical solution to evaluate the thermal residual stresses induced by temperature change. Tessler et al. [20] and [21] and Tessler [22] used zigzag kinematics to refine the Timoshenko beam theory and presented the refined zigzag theory (RZT), which can be used to estimate the stress in a layered structure. VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ In addition, some other studies have been done to investigate the residual stress in bonding structures and some methods or suggestions for reducing the residual stresses have been given [23] - [25] . However, the existing literature focuses on the simplified layered structure and ignores the influence of structural features such as bumps and pads, which have a significant effect on the interfacial residual stress in the flip-chip joints. Therefore, it is necessary to further study the influence of the structural features of the flip-chip joint and reveal its effects on the interfacial residual stress distribution of the flip-chip joint.
This paper theoretically analyzes interfacial residual stress based on a real flip-chip joint. The structure of the joint is not simplified, and the theoretical model takes the structural features of the joint into consideration. The influence of the structural features of the flip-chip joint on the interfacial residual stress distribution is studied. The rest of this paper is organized as follows. Section II presents the procedures of the interfacial residual stress model. Section III presents the results and discussion. Finally, some useful conclusions are drawn in Section IV.
II. INTERFACIAL RESIDUAL STRESS MODEL
Generally, a flip-chip joint based on ACA includes at least three basic components: a chip, an adhesive, and a substrate, as shown in Figure 1 . Figure 1 is a typical flip-chip joint structure diagram. There are two bumps on the chip, and two pads are arranged on the substrate. The chip and the substrate are bonded by an ACA layer to realize a mechanical and electrical connection between the chip and the substrate. After the bonding is completed, the joint is cooled from the bonding temperature to room temperature, then the interfacial residual stress is generated owing to the mismatch of the coefficient of thermal expansion (CTE) among the different components, namely, the chip, bump, ACA, pad, and substrate. In this study, the bonding temperature was 180 • C, and room temperature was 25 • C. So, the aim of this study was to investigate the interfacial residual stress in the joint induced by the temperature change from 180 • C to 25 • C.
Considering the symmetry of the flip-chip joint, only half of the structure was modeled and analyzed, as shown in Figure 2 . In this paper, the interfacial residual stress of the flip-chip joint was modeled by the refined zigzag theory (RZT) proposed by Tessler et al. [20] and [21] and Tessler [22] . The RZT model employs zigzag-like displacement fields that satisfy a priori the transverse shear stress and displacement continuity conditions at the layer interfaces while keeping the number of kinematic variables independent of the number of layers. It gives rise to bending theories based on the same number of kinematic variables regardless of the number of layers in a laminate [21] , [22] . In order to facilitate the establishment of the theoretical model, the interconnection structure is divided into five layers and four parts according to the material properties of each layer structure, as shown in Figure 2 . Herein, L s is the length of the substrate, L p is the length of the pad, L b is the length of the bump, L f is the length of the bump from the edge of the chip, h s is the thickness of the substrate, h p is the thickness of the pad, h b is the thickness of the bump, and h c is the thickness of the chip.
After the joint was divided into four parts, the material properties of each layer in each part were consistent. Among them, part III was the most complex one, containing five layers of different materials. Part III was then used as an example for RZT theoretical model analysis, as shown in Figure 3 .
For any material point within the kth layer, the RZT model can be expressed as follows,
where u (k)
x is the in-plane displacement in the kth material layer, z ∈ (−h, h) is a thickness coordinate defining the position of the reference x-axis halfway through the layer thickness, u(x) is the uniform axial displacement, θ(x) is the bending rotation, w(x) is the lateral displacement, φ (k) (z) is the piecewise linear zigzag function in thickness direction, and ψ(x) is the amplitude of the zigzag displacement.
The detail derivation process of the interface mechanics model can be seen in the Appendix. According to the derivation results in the Appendix, the equilibrium equations can be obtained, as shown in Equation (2).
The dimension of the flip-chip joint is shown in Figure 1 . The material properties of each component are shown in Table 1 .
Substituting dimensional parameters of the flip-chip joint, the material properties, and stiffness coefficient into Equation (A-16), then deducing the Equations of each part, respectively, the differential Equations for parts I, II, III, and IV can be obtained. The detailed derivation process can be seen in the Appendix. The interfacial stress τ (k) (x) of each part can be obtained by programming in MATLAB. This paper focuses on the interfacial residual shear stress of the ACA layer τ (3) (x), as shown in Equations (3) to (6) .
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III. RESULTS AND DISCUSSION A. FINITE ELEMENT ANALYSIS
In order to compare with the theoretical model, Abaqus Finite Element simulation software was used to simulate the interfacial residual stress of the flip-chip joint. After the bonding process was completed, the temperature was cooled from bonding temperate (180 • C, or 150 • C) to room temperature (25 • C). The interfacial residual thermal stress of the joint was then simulated. Due to the symmetry of the joint structure, only half of the 2D model was analyzed in this simulation. In order to ensure the accuracy of the simulation analysis, the ACA layer, the bump, the pad, and their edge stress concentration point are refined meshed, as shown in Figure 4 . The material parameters are shown in Table 1 . In this study, the materials are regarded as linear elastic materials. The unit type is selected as CPS4R, and the model is analyzed by plane stress analysis. As shown in Figure 4 , this simulation focuses on the interfacial layer residual stress. The boundary conditions are as follows: All the nodes at x = 0 have been constrained so that U x = 0. Also, the node located at the origin has been constrained in the z-direction (U z = 0), in order to prevent the rigid body motion of the model, as shown in Figure 4 .
The results of the Abaqus FEA simulation are shown in Figure 4 and Figure 5 . It can be clearly seen from the figures that the interfacial residual shear stress is concentrated at Part III and the maximum interfacial residual shear stress is located at the end of the bump. As shown in Figures 4 and It can be clearly seen from the figures that the theory and simulation results are basically consistent. Although the simulation results are slightly larger than the theoretical model, the trends are basically the same. In addition, it can be seen from the figure that the interfacial shear stress distribution is uneven. In part I and part II regions, the interfacial shear stress is small, and the fluctuation is not significant. In part III, the interfacial shear stress increases sharply, and the stress is concentrated at the edges. Part III is the most complex area of the flip-chip joint, including the bump and pad structure, which fully demonstrates that the influence of the joint structural features on the interfacial residual shear stress distribution is significant, and its influence cannot be ignored in stress analysis.
In this study, the ACA is Type DELO MONOPOX AC265 thermosetting conductive adhesive supplied by DELO Inc and the bond shear strength is 20 MPa. As is known, if the interfacial residual stress is greater than the bond strength of the flip-chip joint, the interface of the joint will crack and fail. It can be seen from Figures 6 and 7 that the interfacial residual stress is concentrated in part III and reaches its peaks at the end of the bump. As shown in Figure 6 , almost all stresses in part III are greater than 20 MPa. Therefore, failure will appear in those stress-concentrated areas of part III. Once the interface area fails, the interface shear strength will decrease.
As shown in Figure 6 , when the bonding temperature is 180 • C, the length of the failure interface ( L) is about 45µm. Then, it can be defined the remaining shear strength as S R , and S R = [(L − L) L] × 20MPa, where L is the length of the joint, and L is 500µm. Therefore, it can predict that the remaining shear strength S R is 18.20 MPa. Similarly, it can be seen from Figure 7 , when the bonding temperature is 150 • C, the length of the failure interface ( L) is about 40µm, and the remaining shear strength S R can be predicted as 18.40 MPa.
B. EXPERIMENTAL VERIFICATION
In order to verify the results of the RZT model prediction, some ACA joints samples are prepared in this study based on the dimensions in Figure 1 . The ACA joint sample is a real radio frequency identification (RFID) inlay, composed of three components, namely silicon (Si) chip, ACA layer and flexible substrate (Al/PET), as shown in Figure 8 .
The dimension of the silicon (Si) chip is 1.14 mm long and 1 mm wide, with four 65µm long rectangular bumps. The ACA used in this study is Type DELO MONOPOX AC265 thermosetting conductive adhesive supplied by DELO Inc. The substrate used in this study is 50µm thick, with 20µm Al pad on it. The ACA samples are flip chip bonded using a FINE-PLACER_Lambda bonding instrument, as shown in Figure 9 (a). In this study, 10 samples are bonded for the shear strength test. The shear strength test principle is based on the instructions for a CONDOR 70-3 multifunctional bond tester, as shown in Figure 9 (b) and (c). A rigid clamping device is used to fix one side of the substrate, and a vacuum plate is used to hold the bottom of the sample. The shearing speed is100 µm/s, and the height of the shear blade above the substrate was 50µm. The blade is pushed horizontally from one side. The maximum shear force for each joint, which finally separate the chip from the substrate, is recorded, as shown in Figure 9(d) .
The experimental results and the RZT model prediction are compared in Table 2 and Table 3 . As shown in Table 2 , when the bonding temperature is 180 • C, the average value of experimental results is 18.28 MPa, and the RZT model prediction is 18.20 MPa. Obviously, the difference between the experimental results and the RZT model prediction is very small. Similarly, it can be seen from Table 3 , when the bonding temperature is 150 • C, the average value of experimental results is 18.46 MPa, and the RZT model prediction is 18.40 MPa. The RZT model prediction agrees well with the experimental results. As a result, the proposed RZT model is validated for predicting the interfacial residual stress of ACA joints.
It should be noted that no known studies have investigated the effects of structural features on the interfacial residual stress of RFID joint. This study as the pioneer in reporting the effects of structural features and materials on the interfacial residual shear stress of ACA joints is valuable and provides a theoretical method to calculate the interfacial residual stress in flip-chip joints based on ACA.
IV. SUMMARY AND CONCLUSION
This paper theoretically analyzed the interfacial residual stress of the flip-chip joint based on ACA and established a residual stress model based on the refined zigzag theory (RZT) model. Results show that the model is consistent with the simulation analysis and the interfacial residual stress distribution is uneven. It is found that the interfacial residual stress increases sharply in the complex structure part and reaches its peaks at the end of the bump. The joint structural features have a significant influence on the interfacial residual stress distribution, which cannot be ignored in the stress analysis. The proposed model is validated by experimental tests, in which the model prediction agrees well with the test results.
This study provides a theoretical method to calculate the residual stress in flip-chip joints based on ACA. It should be noted that the accuracy of the model prediction needs to be further verified through a more diverse test condition. However, the RZT model proposed in this study is still valuable for ACA joints interfacial residual stress prediction and may provide a theoretical method for ACA joints reliability estimation.
APPENDIX
The derivation process of interfacial residual stress model is as follows. The RZT model [20] - [22] can be expressed as Equation (A-1) .
x is the in-plane displacement in the kth material layer, z ∈ (−h, h) is a thickness coordinate defining the position of the reference x-axis halfway through the layer thickness, u(x)is the uniform axial displacement, θ(x) is the bending rotation, w(x) is the lateral displacement, φ (k) (z) is the piecewise linear zigzag function in thickness direction, and ψ(x) is the amplitude of the zigzag displacement.
The in-plane and transverse shear strains derived from linear strain-displacement relations can be expressed as Equation (A-2).
where (dw/dx + θ) is the shear angle and β (k) is the piecewise constant function, which can be expressed as:
According to the generalized Hooke's law, the stress and strain relationship of the kth material layer can be expressed as follows:
For isotropic materials, the material fundamental elastic constant is C 11 and C 12 , where C 11 = C 33 , C 13 = C 12 and C 66 = (C 11 − C 12 ) /2, therefore, Equation (A-4) can be expressed as:
1+ν . E is the elastic modulus, ν is the Poisson's ratio, α is the coefficient of thermal expansion, and T the amount of temperature change.
By defining a linear piecewise function in the thickness direction, a refined zigzag function φ (k) (zigzag displacement function) can be obtained, as shown in Figure 10 . The zigzag function of the kth layer can be expressed as: 
The zigzag function is equal to zero on the bottom and top surfaces, i.e., u (0) = u (N ) = 0. The following equation can be obtained:
The relationship between the zigzag function u (k) and the piecewise function β (k) can be obtained from Equation (A-8).
According to Equation (A-4), the transverse shear force can be expressed as Equation (A-12).
In Equation (A-12), the second item contains the normalization coefficient C (k) 66 1 + β (k) associated with the zigzag function β (k) . G is defined as G = C (k) 66 1 + β (k) , then β (k) can be expressed as:
G is the unknown constant. Integrate Equation (A-13) in the thickness direction and bring Equation (A-9) into Equation (A-13), the G can be expressed as follows:
Substituting Equation (A-13) into Equation (A-11), the u (k) of each layer can be obtained.
Substituting Equation (A-15) into Equation (A-6) , the following equation can be derived. φ (1) =
Thus, it can be seen that the zigzag function is independent of deformation and is only a piecewise linear function in the thickness direction. The model embodies the response to the load through the zigzag amplitude function, while providing an appropriate scale for the zigzag function, controlling the distribution of the entire zigzag function in the in-plane displacement.
According to the virtual work principle, the equilibrium equations of each interface can be expressed as follows.
where δ is variation factor. Substituting Equation (A-1) and (A-2) into Equation (A-17), then performing integration in the thickness direction Equation A-18 can be obtained.
In Equation (A-18), the stress force can be expressed as follows:
where N , M and Q are, respectively, the axial force, bending moment, and shear force. M φ is the bending moment with the zigzag function, and Q φ is the shear force with the zigzag function.
According to the equilibrium conditions, the equilibrium equations of each section can be obtained as follows:
Substituting Equation (A-2) and (A-4) into Equation (A-9), the following equation can be obtained:
Defined as:
Substituting Equation (A-22) into Equation (A-21), Equation (A-21) can be simplified to Equation (A-23). 
At the free boundary x = 0 and x = L, the displacement, rotation angle, amplitude, force, and moment are equal to zero, and are continuous at the segmentation points. So, the boundary equilibrium equations can be described as shown in Equation (A-25). where I, II, III, and IV represent different parts and x a , x b and x c are the X coordinate values for different parts, as shown in Figure 11 . The flip-chip joint model is shown in Figure 1 . The material properties of each component are shown in Table 1 . The stiffness coefficient of each layer can be obtained, as shown in Table 4 .
Substituting dimensional parameters of the ACA joint, the material properties, and stiffness coefficient into Equation (A-16), then deducing the Equations of each part respectively, the differential Equations for parts I, II, III, and IV can be obtained.
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